ABSTRACT: The reactions of propargyl amides, ureas, carbamates, and carbonates with B(C 6 F 5 ) 3 proceed via an intramolecular 5-exo-dig cyclization across the alkyne unit to yield the corresponding vinyl borate species. The generated sp 2 carbocation is stabilized by the flanking heteroatoms, allowing for isolation of oxazoline intermediates. The fate of these intermediates is strongly dependent upon the propargylfunctionalized starting material, with the carbamates and carbonates undergoing a ring-opening mechanism (propargyl rearrangement) to give cyclic allylboron compounds, while prolonged heating of the urea derivatives shows evidence of oxazole formation. In a deviation away from the reactivity of carbamates stated previously, the benzyl carbamate substrate undergoes dealkylation at the benzylic position, liberating 5-methyloxazol-2-(3H)-one.
■ INTRODUCTION
Functionalized heterocycles are key components of a diverse range of both natural products and synthetic pharmaceuticals. Oxazoles are particularly important for their role in a range of biologically active compounds, including anti-inflammatory, 1 antirheumatic, 2 and antidiabetic 3 treatments inter alia. 4 In addition to these applications, oxazoles and oxazolines have been used as ligands in coordination chemistry 5 and as protecting groups. 6 Given their prominent position in a range of pharmaceutical products, investigations into alternative pathways utilizing main-group elements are becoming more attractive, as the formation of such heterocyclic structures through cyclization reactions are most often effected via transition-metal catalysts such as gold, 7 palladium, 8 and silver. 9 Nevertheless, recent developments have led to alternative approaches in which the d-block metal is replaced by a main-group element. 10 More recently Saito et al. reported an elegant methodology involving an iodine-mediated oxidative annulation reaction between an alkyne and nitrile that proceeds via the formation of an alkenyliodonium intermediate followed by reductive elimination to give the 2,4,5-trisubstituted oxazole. 11 Research by Erker et al. has shown a strong propensity for 1,1-carboboration when tris(pentafluorophenyl)borane, B-(C 6 F 5 ) 3 , is reacted with terminal alkynes. 12 While gold and other π Lewis acidic transition metals can form strong interactions with π bonds, 13 an analogous boron π bond complex has yet to be isolated, although weak van der Waals interactions have been detected. 14 Further to this, a range of cyclization reactions have been shown to occur when terminal and internal diyne substrates have been used, giving a broad product range including fused polycyclic dibenzopentalene units 15 as well as five-membered boracyclic compounds (Scheme 1). 16 When diynes are used in conjunction with bulky phosphine reagents such as P(o-tolyl) 3 as the Lewis basic component of a frustrated Lewis pair (FLP) system, 1,1-carboboration occurs with subsequent 1,2-addition of the second alkyne unit, resulting in an eight-membered heterocyclic product (Scheme 1). 12b, 17 In addition to this, contemporary work has indicated that B(C 6 F 5 ) 3 is an extremely versatile reagent for oxazole formation from amide precursors. 18 The reactivity of B(C 6 F 5 ) 3 has also been exploited for use as an allylation reagent generated by propargyl ester rearrangement. 19 However, the increasing interest in main-group-mediated chemistry has led to a new focus on the application of p-block elements over precious transition metals. Our previous research on the activation of terminal alkynes using the strong Lewis acid B(C 6 F 5 ) 3 showed that propargyl amides underwent an intramolecular cyclization reaction to form oxazolines and oxazoles, 18 while propargyl esters rearranged to give allylboron reagents or dioxolium compounds (Scheme 2). 19, 20 These studies have led us to explore further the range of functional groups which are amenable to these main-group activation reactions to generate heterocyclic compounds.
While previous work focused solely on propargyl esters or amides (Scheme 2), the current work describes the applications of B(C 6 F 5 ) 3 to these types of propargyl rearrangements and gives a detailed view into the influence of the functionality installed in the propargylic position (see Figure 1 ).
■ RESULTS AND DISCUSSION
Reactivity of Dipropargyl Amides. In investigations of dipropargyl amide systems, it was questionable whether a diyne cyclization reaction similar to those reported by the Erker group would proceed (Scheme 1), 15a or if the propargyl amide cyclization would be the favored reaction pathway. 21 In the latter case the additional alkyne functionality would enable further reactions or tandem processes. Interestingly, when N,Ndipropargyl amides 1 and B(C 6 F 5 ) 3 were reacted in a 1:1 ratio, exclusive formation of the 5-exo-oxoboration cyclization product 8 (Scheme 3) was observed, with the second alkyne unit remaining untouched. This reactivity follows a pathway analogous to that previously observed where the N-substituted propargyl amides undergo a 1,2-addition process to give a vinyl borate species. 18 The initial species formed upon mixing N,N-dipropargyl amides 1 and B(C 6 F 5 ) 3 was the Lewis acid/base adduct between the Lewis basic amide oxygen atom and the vacant p orbital on boron. The resultant compounds 7a,b were isolated in 77% and 41% yields, respectively, and structurally characterized (vide infra). Subsequent cyclization via π activation of one of the terminal alkynes was achieved by heating to 45°C for 2 days to give compounds 8. The time frame was reduced to 60 min at room temperature, giving very good conversion (86%) for the electron-withdrawing p-nitrosubstituted aryl group (8c). This would suggest that the electron-withdrawing effect of the nitro group reduces the Lewis basicity of the amide oxygen, therefore increasing the dissociation of the adduct. This in turn leads to greater concentrations of unbound B(C 6 F 5 ) 3 in solution, which is able to activate the π system of the alkyne toward cyclization. This trend holds true for other experimental results seen in this investigation and is in accordance with our recent studies in this area. 18 The formation of adducts 7 can be used to elucidate the reaction pathway whereby the initial B−O Lewis adduct is formed in equilibrium with the dissociated B(C 6 F 5 ) 3 . The free Lewis acid then activates the π system of the alkyne toward cyclization, as evidenced by the presence of two peaks in the 11 B NMR spectra, one at ca. δ −0.5 ppm for the dative B−O adduct and a second at ca. δ −16.9 ppm associated with the rapid ensuing cyclization. The expected 5-alkylidene-4,5-dihydrooxazolium borate products (8) were characterized by multinuclear NMR spectroscopy, all of which displayed sharp singlets in the 11 B spectra between δ −16.9 and −17.0 ppm, indicating the formation of the aforementioned four-coordinate vinyl borate species. This is supported by the 19 F NMR spectra, which showed three signals in a 2:2:1 ratio as a result of the ortho (δ −132.7 to −132.8 ppm), meta (δ −164.7 to −165.3 ppm), and para (δ −160.3 to −160.9 ppm) fluorine atoms of the pentafluorophenyl rings. In accordance with previous work the π activation of the alkyne and cyclization gives the 1,2-addition product in the E configuration exclusively. 18 Single-crystal X-ray diffraction was used to explore the solidstate structures of the majority of the compounds produced in −N plane by ca. 41°. This observation may be reasoned simply as the result of reduced steric strain between the adjacent propargyl group and the C 4 substituent in these orientations. The structural parameters are presented in the Supporting Information.
The reactivity observed here clearly shows that the propargyl amide cyclization is outcompeting any potential diyne cyclization or 1,1-carboboration mechanisms. Furthermore, the second alkyne moiety remains untouched and enables the potential for further functionalization such as hydroboration or application in tandem processes.
Reactivity of Propargyl Ureas. In an effort to gain an insight into the reactivity of the Lewis basic carbonyl of these 5-exo-dig cyclization reactions, the amide carbon substituent was replaced with a strongly donating secondary amine to give the corresponding urea derivative (2) that was anticipated to give the 5-alkylidene-4,5-dihydrooxazol-2-amino borate species (9) . Observation of the 11 B NMR spectra of the reaction between compounds 2a,b and B(C 6 F 5 ) 3 showed little to no conversion to the corresponding 5-alkylidene-4,5-dihydrooxazol-2-amino borate product (9; Scheme 4) after 2 days at ambient temperature. However, broad resonances in the δ −1.6 to −1.8 ppm region of the 11 B NMR spectra did indicate adduct formation. 23 Upon heating at 50°C for 7 days (9a) or 14 days (9b), a sharp peak emerged at ca. δ −17.0 ppm representing the expected four-coordinate vinyl borate species which were both generated in yields of 31%. Prolonged heating of the reaction mixture with 2b led to a further rearrangement, as indicated by a new broad peak at δ −10 ppm (Figure 3 ), which is attributed to the oxazole compound II (Figure 3) .
The reduced reaction rates for these transformations can be attributed to two main components, the first being the sparse solubility of the urea substrates in a range of organic solvents which leads to increased reaction times. The second relates to the stronger donor ability of the urea in comparison to the amide functionality as well as the stabilizing effect of the delocalized positive charge about the N 2 CO fragment, giving stronger adduct formation. This stabilized adduct would lower the concentration of dissociated free B(C 6 F 5 ) 3 , leading to reduced rates of π activation of the alkyne. Therefore, more harsh reaction conditions are required to ensure conversion of 2 to the corresponding 2-amino-5-alkylidene-4,5-dihydrooxazole borate species (9) and subsequent protonation/ tautomerization to the 2-amino-5-methyl-4,5-dihydrooxazole product II (Scheme 4). Workup of the reaction mixtures from 2a,b after the appropriate time gave colorless crystals of 9a,b (Figure 4) . The 11 B NMR spectra confirmed the assignments made from the in situ studies that are supported by the 19 F NMR spectra, which reveal three resonances in a 2:2:1 ratio for the ortho (δ −132.1 to −132.6 ppm), meta (δ −165.1 to −165.2 ppm), and para (δ −161.1 to −161.3 ppm) aryl fluorine atoms closely akin to those seen previously with the products from the analogous reactions with dipropargyl amides.
Earlier assumptions that the cationic charge generated by the cyclization step could be delocalized about the structure via lone pair donation from the adjacent heteroatoms into the vacant p orbital of the carbocation were further validated on analysis of the metric parameters of the structures of 9a,b (Table 1 ). Both data sets agree well with expected bond lengths, with both the C Reactivity of Propargyl Carbamates. In contrast to the reactivity of ureas, the carbamates underwent a more complicated cyclization/ring-opening mechanism (propargyl rearrangement) upon addition of B(C 6 F 5 ) 3 to 3a−c. Although the cyclization to intermediates 10a,c proceeded under mild conditions to give yields of 64% and 60% respectively, long reaction times (24−120 h) were needed to afford the final allylboron products 11a−c (Scheme 5). Complete reaction of 3a to give 11a with B(C 6 F 5 ) 3 was achieved in 16 h when the temperature was raised to 50°C. These carbamates behave in a manner similar to that for the propargyl esters upon treatment with B(C 6 F 5 ) 3 . 19 In order to probe further the mechanism for the generation of the allylboron compounds 11, which contain a carbamate-boron chelate, the reactions were performed at low temperature (retarding the ring-opening step) to enable isolation of the 2-amino-1,3-dihydrooxolium intermediates (10) . Previously reported rearrangements of dihydrooxolium compounds were rapid, with unstabilized propargyl esters giving the resultant allylboron reagent in as little as 15 min with the quaternary boron intermediate proving very challenging to isolate. 19 However, the inclusion of the amido nitrogen appears to aid the stabilization of the delocalized cationic charge about the NCO 2 moiety in 10, leading to isolation of the corresponding intermediates. Analysis of intermediates 10a,c was carried out by multinuclear NMR spectroscopy using cooled deuterated solvent to delay further reactions. The NMR spectra exhibited typical characteristics of such vinyl boron complexes, with a single sharp resonance being seen in the 11 B NMR spectra (δ −17.0 ppm) and three peaks in the 19 F NMR spectra in a 2:2:1 ratio for the ortho (δ −133.0 to −132.6 ppm), meta (δ −166.2 to164.9 ppm), and para (δ −161.9 to −160.5 ppm) fluorine atoms of the perfluorophenyl rings. When the reaction mixture was warmed to room temperature, the ensuing rearrangement reaction proceeded, yielding the allylboron species 11 (Scheme 5).
These allylboron compounds 11 could be identified by a typically broad peak at ca. δ 0.0 ppm in the 11 B NMR spectra signifying the new B−O adduct. More prominent features of these products are the vinylic proton resonances seen in the 1 H NMR spectra, which occur as doublets (11a,c) or a quartet (11b) in the δ 4.3−5.0 ppm region. The conversion of 10 to 11 leads to a change in the 19 F NMR spectra, with the three originally identical C 6 F 5 rings giving way to nine new peaks of the now inequivalent perfluorophenyl rings of 11.
There is an emerging trend whereby an increase in the number of stabilizing heteroatoms flanking the carbocation decreases the ease of the 5-exo-oxoboration cyclization. There is basis for the argument that increasing the Lewis basicity of the carbonyl oxygen would cause the reaction to undergo a more rapid cyclization once dissociation occurs. 20 However, the ratedetermining step of the reaction is the cleavage of the B−O dative bond; hence, if this bond is stabilized via resonance of the N 2 CO moiety, then the rate of conversion is stunted.
Importantly, the additional amido group not only stabilizes the intermediate 10 but also increases the stability of the boron chelate in 11. Prolonged heating of 11a at 60°C did not lead to the 1,3-carboboration product through a 1,3-allylboron shift, showing reactivity different from that of the propargyl esters. 19 In addition to the in situ multinuclear NMR analysis of the propargyl carbamate rearrangement, the intermediates 10 and the allylboron compounds 11 ( Figure 5 ) were structurally characterized by single-crystal X-ray diffraction. The solid-state structures of 11b,c verify the outlined trans-oxyboration mechanism presented in Scheme 5. The structural parameters are summarized in Tables 2 and 3 .
Upon comparison of the structures of these intermediates (10) with those formed with the propargyl ureas (9), it is noted that the C−N bond distance in 9a is longer than that of 10a at 1.313(3) vs 1.290(3) Å, respectively. This is in good agreement with the more strongly electron donating effect of the single amino group in comparison with the stabilization over the two amino functionalities in the urea derivatives.
Examination of the solid-state structures of the products 11b,c ( Figure 5 and Table 3 ) confirmed the rearrangement of the vinyl borate compounds 10b,c to give the corresponding six-membered allylboron heterocycles. Inspection of the metric parameters show the expected bond lengths for the predicted structure, with the C 2 −C 3 bond exhibiting typical double-bond character (1.309(3) Å) and shortening of the C 4 −N bond (1.320(3) Å) in accordance with previous assertions regarding the bond order (Table 3) .
The former transformations used propargyl carbamates which were derived from propargyl alcohols. The reverse combination of a propargyl carbamate derived from a propargyl amine was also investigated in the reaction with B(C 6 F 5 ) 3 (Scheme 6). On investigation of the reaction between compound 4 and B(C 6 F 5 ) 3 an unexpected result was observed whereby the anticipated stable zwitterionic species was not the major product of the reaction. Multinuclear NMR spectro- scopic and X-ray crystallographic (see later) analysis clearly shows the product to be 5-methyl-2-(3H)-oxazolone (12; Scheme 6) and not the cyclized vinyl borate as observed with similar substrates. The
11
B NMR spectrum of 12 shows a resonance at δ 0.7 ppm indicative of a carbonyl boron adduct, and the 1 H NMR spectrum unmistakably shows the formation of the methyl group produced through isomerization (δ 2.18 ppm) along with the vinyl proton at δ 6.56 ppm. It is presumed that trace amounts of water trigger the dealkylation of the benzyl group after cyclization followed by tautomerization to yield the oxazolone derivative 12. Attempts to render this transformation catalytic have met with limited success. However, reactions using 10 mol % of B(C 6 F 5 ) 3 with 1 equiv of water under ambient conditions show the emergence of a singlet at δ 4.63 ppm in the 1 H NMR, indicating the formation of benzyl alcohol from the dealkylation step. This exemplifies the potential of B(C 6 F 5 ) 3 to be used in the formation of such oxazolone derivatives are more often observed in gold or palladium catalysis.
24
X-ray crystallographic studies of 12 revealed the structure for the 5-methyl-2-(3H)-oxazolone-B(C 6 F 5 ) 3 adduct ( Figure 6 ).
Delocalization of electron density about the carbamate functionality leads to contraction of the heteroatom−carbon bonds as noted above. The structural parameters are summarized in the Supporting Information.
Reactivity of Propargyl Carbonates. To extend the substrate scope, the reactivity of propargyl carbonates was investigated. It was seen that the reaction of 5a with B(C 6 F 5 ) 3 proceeded in the same fashion as for the propargyl esters and carbamates, displaying comparable stability of the intermediate, leading to a long reaction time of 3 days to give the allylboron product 13; however, a good yield of 81% was obtained (Scheme 7). Analysis via X-ray crystallography further expounded the delocalization about the heteroatom-flanked carbon center, with all three C−O bonds displaying similar lengths of 1.246(2), 1.298(2), and 1.292(2) Å (Figure 7) .
In a departure from the observed reactivity of these systems described above, the introduction of a tert-butyl group to the propargyl carbonate as in 5b resulted in the loss of the Boc group in the presence of B(C 6 F 5 ) 3 (Scheme 8).
Analysis of the 1 H NMR spectra showed that isobutylene was generated in addition to the corresponding propargyl alcohol and CO 2 . This was conducted on a catalytic scale using 10 mol % of B(C 6 F 5 ) 3 , with the 1 H NMR spectrum showing almost complete deprotection after 17 h at room temperature, as evidenced by the presence of a septet at δ 4.64 ppm for the isobutylene.
A shift in the resonance position of the methyl groups of the alcoholic moiety from δ 1.70 to 1.67 ppm is also noted. While catalytic deprotection traditionally occurs through the addition of a strong Brønsted acid such as trifluoroacetic acid and HCl/ acetic acid, if other acid-sensitive functionalities are present in a given compound, then a milder approach may be necessary. 25 While this conversion has also been effected by other maingroup compounds, 26 this is a nice example where tris-(pentafluorophenyl)borane has been used for the catalytic removal of Boc protecting groups.
Reactivity of Propargyl Phosphates and Phosphinates. Further substrates were also tested in an attempt to introduce varying heteroatoms into the cyclized product. To this end terminal and internal propargyl phosphates (6a,b) and phosphinates (6c,d) were tested in the reaction with B(C 6 F 5 ) 3 . In the case of 6a strong adduct formation could be observed and decomposition occurred at elevated temperatures (20 h, 80°C in C 6 D 6 ), while 6b decomposed directly upon addition of B(C 6 F 5 ) 3 . The reactions of propargyl phosphinates 6c,d gave classical adducts which did not undergo further reaction even at elevated temperatures (18 h at 80°C). These experiments clearly indicate that phosphates and phosphinates behave differently from the previously studied propargyl ester, carbamate, and carbonate systems. This might be attributed to the longer P−O bond and the stronger bond energy of the P−O→B dative bond.
■ CONCLUSIONS
The addition of the strong Lewis acid B(C 6 F 5 ) 3 to propargyl amides and ureas provides a potentially catalytic synthetic route to oxazoline derivatives. In contrast to recent studies by the Erker group, this work shows that 5-exo-oxoboration of these nonaromatic nitrogen derived diyne systems occurs preferentially over any carboboration steps.
12b It was seen that π activation of the carbamates and carbonates yields allylboron products via a C 6 F 5 migration rearrangement. These species might be useful in aldehyde allylation reactions, and work on this topic and other aspects of the reactivity of these compounds and their applications in organic chemistry is ongoing.
■ EXPERIMENTAL SECTION
General Experimental Considerations. With the exception of the starting materials, all reactions and manipulations were carried out under an atmosphere of dry, O 2 -free nitrogen using standard doublemanifold techniques with a rotary oil pump. An argon-or nitrogenfilled glovebox (MBraun) was used to manipulate solids, including the storage of starting materials, room-temperature reactions, product recovery, and sample preparation for analysis. All solvents (toluene, CH 2 Cl 2 , pentane, hexane) were dried by employing a Grubbs-type column system (Innovative Technology) or an MB SPS-800 solvent purification system and stored under a nitrogen atmosphere. Deuterated solvents were distilled and/or dried over molecular sieves before use. Chemicals were purchased from commercial suppliers and used as received.
1 H, 13 B). The description of signals include s = singlet, d = doublet, t = triplet, q = quartet, sep = septet, m = multiplet, and br = broad. All coupling constants are absolute values and are expressed in hertz (Hz) . Yields are given as isolated yields. All spectra were analyzed assuming a firstorder approximation. IR spectra were measured on an FT-IR Bruker Vector 22 machine or Shimadzu IRAffinity-1 photospectrometer. Mass spectra were measured on JEOL JMS-700, Waters LCT Premier/XE, Waters GCT Premier, and Bruker ApexQe hybrid 9.4 spectrometers. Elemental analyses were conducted at London Metropolitan University by Mr. Stephen Boyer or using the in-house services at Heidelberg University.
Synthesis of 1. General Procedure. N,N-Dipropargylcarboxamides were prepared according to literature methods. 21 Et 3 N (2.0 equiv) and DMAP (0.02 equiv) were added to a solution of N,Ndipropargylamine hydrochloride (1.0 equiv) in CH 2 Cl 2 at room temperature under a nitrogen atmosphere, and the resulting solution was stirred for 15 min. The solution was then cooled to 0°C, and the corresponding acyl chloride (1.0 equiv) was added dropwise and stirred for 30 min at this temperature. The reaction mixture was then warmed to room temperature and was stirred for a further 3 h. The reaction was then quenched with water, the aqueous layer was extracted with CH 2 Cl 2 (×2), and the combined organic phases were washed with brine. The organic phase was then dried with Na 2 SO 4 and filtered. Removal of the solvent yielded the crude product, which was purified by column chromatography.
Characterization Data for 1a. Synthesis of 2. General Procedure. Propargyl ureas were prepared according to similar literature methods. 27 To the amine (1.00 equiv) dissolved in water (ca. 50 mL) at 4°C was added carbonyldiimidazole (CDI) (2.00 equiv), and the resulting mixture was stirred for 1 h at this temperature. The solution was then warmed to room temperature, and after complete formation of the carbonylimidazolide, propargyl amine (1.00 equiv) was added and the mixture stirred at room temperature for ca. 2 h until the reaction was complete. The product was isolated by filtration, washed with cold water, and dried in vacuo to give a white solid.
Characterization Data for 2a. and DMAP (0.05 equiv) were added to a solution of propargyl alcohol (1.00 equiv) in pyridine (5 mL), and the resulting mixture was heated overnight at 80°C. The reaction mixture was quenched with saturated NH 4 Cl solution (10 mL), and the aqueous phase was extracted with diethyl ether (3 × 20 mL). The combined organic phases were then washed further with saturated NH 4 Cl solution (3 × 20 mL), dried over sodium sulfate, and filtered, and the solvent was removed in vacuo.
Characterization Data for 3a. Purification by column chromatography gave a colorless oil (SiO 2 . n-Butyllithium (2.00 mL, 2.5 M in hexane, 5.00 mmol) was added to a solution of 1-pentyn-3-ol (0.43 mL, 5.00 mmol) in THF (10−20 mL) at −78°C and the resulting solution stirred for 1 h. Diethyl pyrocarbonate (0.73 mL, 5.00 mmol) in 20 mL of THF was then added to the cooled solution and the mixture warmed to room temperature and subsequently stirred for 12−24 h. The reaction mixture was quenched with saturated NH 4 Cl solution (20 mL) and the aqueous phase extracted with diethyl ether (3 × 20 mL). The combined organic phases were then washed with saturated NH 4 Cl solution (3 × 20 mL), dried over NaSO 4 , and filtered, and the solvent was removed in vacuo. The product was purified by column chromatography using SiO 2 Synthesis of 5b. Propargyl carbonate 5b was synthesized according to a similar literature method. 28 Propargyl alcohol (1.7 mL, 30 mmol) was dissolved in dichloromethane in combination with Hunig's base (13.1 mL, 75 mmol) alongside DMAP (10 mol %). After the mixture was cooled to 0°C, Boc anhydride (8.51 g, 39 mmol) was added portionwise, ensuring the reaction mixture was not allowed to reflux, and then stirred until completion. The resultant solution was quenched with saturated NH 4 Cl solution (20 mL) and the aqueous phase extracted with dichloromethane (3 × 20 mL). The combined organic phases were then washed with 1 M HCl, saturated NaHCO 3 solution, and brine (all 2 × 20 mL), dried over MgSO 4 , and filtered, and the solvent was removed in vacuo to give a colorless oil. The product was sufficiently pure for subsequent reactions. Yield: 3.4 g, 21.8 mmol, 73%.
1 H NMR (500 MHz, CDCl 3 , 298 K): 2.53 (s, 1H,  CH), 1.68 (s, 6H, CH 3 ), 1.48 (s, 9H, CH 3 ). 13 Synthesis of 6. General Procedure. To a solution of alcohol (3.00 mmol, 1.00 equiv) in CH 2 Cl 2 were added NEt 3 (3.00 mmol, 1.00 equiv) and DMAP (2 mol %), and the solution was cooled to 0°C. For 6a,b diphenylphosphoryl chloride (3.00 mmol, 1.00 equiv) or for 6c,d diphenylphosphinoyl chloride (3.00 mmol, 1.00 equiv) was dissolved in CH 2 Cl 2 (20 mL) and was added at this temperature. The solution was stirred for 1 h and slowly warmed to room temperature and stirred overnight. Water (20 mL) was added, the phases were separated, and the aqueous phase was extracted with Et 2 O (3 × 20 mL). The combined organic phases were washed with brine, dried over Na 2 SO 4 , and filtered, and the solvent was removed under reduced pressure. The products were sufficiently pure for subsequent reactions.
Characterization Synthesis of 8d. N,N-Di(prop-2-yn-1-yl)cyclohexanecarboxamide (1d; 40 mg, 0.2 mmol) was dissolved in toluene (2 mL) and added to B(C 6 F 5 ) 3 (102 mg, 0.2 mmol) to give a cloudy yellow solution. Leaving the solution to stand for 10 min resulted in the formation of a white precipitate, which was redissolved by gentle heating with the addition of a few drops of CH 2 Cl 2 . The reaction mixture was left for 2 days, and then the solvent was allowed to evaporate slowly to give colorless crystals of the product which were suitable for X-ray diffraction. The remaining solvent was decanted off, and the crystals were washed with petroleum ether (3 × 3 mL) and then dried under vacuum to give colorless crystals of the pure product. Yield: 114 mg, 0.15 mmol, 80%. 1 Synthesis of 9a. B(C 6 F 5 ) 3 (51 mg, 0.1 mmol) was dissolved in CDCl 3 (ca. 0.5 mL) and added to 1,3-di(prop-2-yn-1-yl)urea 2a (14 mg, 0.1 mmol). The reaction mixture was heated at 50°C for 7 days to give a yellow solution and a crop of needle-shaped crystals which were suitable for X-ray diffraction. The remaining solvent was decanted off, and the product was washed with hexane (4 × 2 mL) and dried in vacuo to give pure 9a. 3 (102 g, 0.2 mmol) were dissolved in 2 mL of toluene to give a clear colorless solution. This was immediately cooled to −40°C and left for 5 days to give a crop of small pale yellow crystals suitable for X-ray diffraction. The solution was decanted, and the solid was washed with hexane (3 × 2 mL) and dried in vacuo to afford the product as a white solid. Yield: 91 mg, 0.12 mmol, 60%. Mp: 65−72°C. 1 3 (51 mg, 0.1 mmol) were dissolved in 0.6 mL of C 6 D 6 , and the reaction mixture was left at 60°C for 15.5 h. The progress of the reaction was monitored by 1 Synthesis of 11b. But-3-yn-2-yldiisopropylcarbamate (3b; 19.7 mg, 0.1 mmol) and B(C 6 F 5 ) 3 (51.2 mg, 0.1 mmol) were dissolved in 0.6 mL of CD 2 Cl 2 , and the reaction mixture was left for 24 h. The completion of the reaction was monitored by 1 H, 11 B, and 19 F NMR spectroscopy. The solution was concentrated when the reaction was complete and layered with pentane and stored at −20°C, resulting in crystallization of the product. The remaining solution was decanted off, and the solid was washed with cold pentane (3 × 2 mL). Drying in vacuo afforded the product as a white crystalline solid. Yield: 54.7 mg, 0.08 mmol, 75%. 1 
